Foodborne disease caused by Salmonella Enteritidis (SE) is one of the important public health and economic concerns. A study was conducted to determine the effect of supplementation with 2-nitroethanol (NE) and 2-nitropropanol (NP) on Salmonella recovery of internal organs as well as on the immune gene expression in the ileum of laying hens. Thirty-six White Leghorns were orally gavaged with nalidixic acid resistant Salmonella Enteritidis (SE NR ). Hens were housed individually in wire-laying cages and randomly assigned to six dietary treatments: T1 = SE NR unchallenged (negative control), T2 = SE NR challenged (positive control), T3 = SE NR challenged + 100 ppm NE, T4 = SE NR challenged + 200 ppm NE, T5 = SE NR challenged + 100 ppm NP, and T6 = SE NR challenged + 200 ppm NP. Hens were sampled at 7 days post inoculation (dpi). Ceca, liver with gall bladder (L/GB), and ovary samples were collected for bacteriology, and ileum samples were collected for analysis of immune gene expression. T3 and T6 significantly reduced (P < 0.05) cecal SE NR count, whereas T4 and T5 were not different from T2, the SE NR challenged control. There was no significant difference in SE NR reduction in the L/GB or ovary after supplementation of either nitrocompounds. Pro-and anti-inflammatory cytokines such as interferon (IFN)-γ, interleukin (IL)-1B, IL-6, toll-like receptors (TLR)-4, and IL-10 all were significantly upregulated (P < 0.05) after SE NR challenge. Supplementation at both levels of NE and NP showed a significant immune gene expression response in the ileum with reduction of IFN-γ, IL-6, TLR-4, and IL-10 mRNA expression. Overall, nitrocompounds such as NE and NP can be used in the intervention strategy to reduce Salmonella infection in hens.
INTRODUCTION
Food-borne illness caused by Salmonella enterica serovar Enteritidis (SE) is of both public health and economic concern (CDC, 2014) . Alternative feed amendments and interventions have received increased interest. Some of these amendments include feeding prebiotics and probiotics and are already in use in broilers or laying hens to reduce the Salmonella infection in their internal organs (Pascual et al., 1999; Donalson et al., 2008; Lei et al., 2009; Bai et al., 2013) . Nitrocompounds such as 2-nitroethanol (NE), 2-nitropropanol (NP), nitroethane, and nitropropionic acid have been used as potential alternatives to reduce the ammonia C 2017 Poultry Science Association Inc. Received February 27, 2017. Accepted August 10, 2017. 1 Corresponding authors: pa465@msstate.edu (PA); wkkim@uga. edu (WKK) volatilization in poultry manure . Nitrocompounds have a broad spectrum of antimicrobial inhibitory effects, particularly NP, and have shown bactericidal activity against Salmonella enterica serovar Typhimurium, Campylobacter jejuni, Listeria monocytogenes, and E. coli. (Jung et al., 2004) . Nitrocompounds have reduced the concentration of bacteria, such as Salmonella and Campylobacter, in the porcine gut as well as methane production in bovine and avian gut contents Saengkerdsub et al., 2006) . Also, an in vitro study that used NP against Campylobacter coli and jejuni found that NP was superior to other tested nitrocompounds (Horrocks et al., 2007) . However, there has been no reported research evaluating the effects of NE and NP on the prevalence of SE and the host immune response in laying hens. We hypothesized that nitrocompounds should reduce SE in the ceca and other internal organs of laying hens and produce a positive immune response in the ileum. We evaluated dietary NE and NP as potential inhibitors 4280 of SE in laying hens. The objective of the study was to determine effects of both the nitrocompounds on reducing the Salmonella in internal organs and modulating immune responses in laying hens.
MATERIALS AND METHODS

Salmonella Strain and Inoculum Preparation
Nalidixic acid resistant Salmonella Enteritidis (SE NR ) was obtained as a frozen stock from the United States Department of Agriculture (USDA) National Poultry Research Center, Athens, GA. Frozen stock cultures of SE NR were maintained at −80 • C in nutrient broth (Acumedia, East Lansing, MI; NB) with 16% glycerol. The SE NR were revived from frozen cultures onto brilliant green with sulphapyridine agar plates (Acumedia, East Lansing, MI; BGS) containing 200 ppm of Nal (Sigma Chemical Co., St. Louis, MO; BGS-Nal). The plates were incubated for 24 h at 37
• C to ensure log phase growth. Isolated SE NAR colonies were transferred to 9 mL of sterile 0.85% saline solution. The absorbance was adjusted to 0.20 ± 0.01 OD 540nm using a spectrophotometer (Spect-20, MiltonRoy, Thermo Spectronics, Madison, WI). Culture solution was serially diluted and plated onto BGS-Nal plates for enumeration. Hens were orally gavaged with a 1.0 mL of approximately 1.9 × 10 8 cfu SE NR .
Hens, Housing and Dietary Treatments
Thirty-six Single-Comb White Leghorns hens (45-wk-old at the beginning of the experiment) were used for the study. Six hens per treatment were housed individually in wire laying cages and housed under a 16 h light: 8 h dark lightening program. The number of birds per treatment was determined by power analyses with our previous study (Adhikari et al., 2017) . All hens were fed a corn-soybean standard layer ration for one week after which they were switched to the respective treatment diets: T1 = SE NR unchallenged (negative control), T2 = SE NR challenged (positive control), T3 = SE NR challenged + 100 ppm NE, T4 = SE NR challenged + 200 ppm NE, T5 = SE NR challenged + 100 ppm NP, and T6 = SE NR challenged + 200 ppm NP (Table 1 ). The diet was formulated to provide 2,600 kg/kcal metabolizable energy (ME), 16% crude protein (CP), 4.4% Ca, and 0.5% available P (NRC, 1994) . After a week adaptation to the respective treatment diets, each hen except in T1 group was orally gavaged with 1.0 mL of 10 8 cfu SE NR . Feed was withdrawn from all hens 10 h before challenge and returned immediately after SE NR challenge. Hens were divided into six replicates per treatment diet. Hens were provided water (automatic nipple-type drinkers) and mash feed ad libitum throughout the experiment period. The experiment protocol was approved by the Institutional Animal Care and Use Committee of University of Georgia (A2014 04-017).
Sampling Protocol and Analyses
Ceca, Liver with Gall Bladder, and Ovary (bacteriological). All hens were humanely euthanized on 7 days post inoculation (dpi). Ceca, liver with gall bladder (L/GB), and ovary samples were collected aseptically into sterile stomacher bags (VWR, Radnor, PA). All the samples were macerated by a rubber mallet, individually weighed, diluted with buffered peptone water (BPW; 3× volume/weight), and stomached (Techmar Company, Cincinnati, OH) for 60 s. L/GB and ovaries were pre-enriched overnight at 37
• C before being streaked for isolation onto BGS-Nal plates and incubated overnight at 37
• C for enrichment. The growth of SE NR was observed and recorded as positive or negative for the samples. Cecal samples were analyzed using the modified Blanchfield method (Blanchfield et al., 1984) . In brief, after stomaching for 60 s, two cotton-tipped swabs were dipped and rotated in the cecal material for approximately 5 s. One BGSNal plate was surface-swabbed (plate A). The second swab was transferred into a sterile 9.9 mL BPW dilution tube. The tube was vortexed for approximately 10 s, and a third swab was used to surface swab a second BGS-Nal plate (plate B). The contents of dilution tubes were returned to the stomacher bag and incubated with the plates at 37
• C overnight. All plates together with the cecal samples were incubated overnight at 37
• C. Negative samples were re-struck from the overnight pre-enrichments onto a fresh BGS-Nal plate (plate C) and incubated overnight at 37
• C. Counts were approximated and converted to log10 cfu SE NR /g of cecal contents.
RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR. Ileum sections were aseptically excised, immediately frozen in liquid nitrogen, and stored at −80
• C until analyzed for inflammatory cytokines. Total RNA was extracted from100 mg of tissues using Qiazol lysis reagent (Qiazen, Valencia, CA) according to the manufacturer's instruction. The RNA concentration was measured at an optical density of 260 nm using a NanoDrop 2000 spectrophotometer (Thermo Scienctific, MA). RNA samples were normalized to a concentration of 2 μg/μL, and purity was verified by evaluating the optical density ratio of 260 to 280 nm. The normalized RNA was reverse transcribed using a High Capacity cDNA synthesis kit (Applied Biosystems, Life Technologies, CA). The house keeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was used to normalize the expression of target immune cytokine genes. Real-time quantitative polymerase chain reaction (qRT-PCR) was performed using a Step One thermo cycler (Applied Biosystems, Foster City, CA). Primers for chicken immune genes such as toll-like receptor (TLR-4), interleukins (IL-1B, IL-6, and IL-10), and interferon (IFN)-γ were designed according to National Center for Biotechnology Information (NCBI). Pairs of primers used in our study are shown in Table 2 . Gene expression data were analyzed by (ΔΔCT) method (Livak and Schmittgen, 2001 ).
Statistical Analyses
For L/GB and ovary SE NR recovery, the prevalence was analyzed with Fisher's exact test. The mean of log 10 viable SE NR counts from the ceca was subjected to one-way analysis of variance (ANOVA) using the GLM procedure of SAS. Significant differences between the means of different treatment groups were determined by Tukey's multiple-range test and significant differences were assessed at P < 0.05.
RESULTS AND DISCUSSION
SE Numbers and Prevalence
The SE NR numbers in the ceca were counted as log10 cfu/g of cecal contents and are shown in Figure 1 . Unchallenged control (T1) remained negative at 7 dpi. T3 Figure 1 . Presence of Salmonella number in ceca analyzed at 7 days post inoculation (dpi) fed rations with different levels of 2-nitroethanol (NE) and 2-nitropropanol (NP) to laying hens. 2 Hens were 6 per treatment group (n = 6).
(100 ppm of NE) numerically reduced the SE NR numbers to 1.7 log10 cfu compared to our SE NR challenge control (3.2 log10 cfu) in the ceca. T4 (200 ppm of NE) showed similar number (3.05 log10 cfu) compared to the SE NR (T2). The T6 (200 ppm NP) also numerically reduced the ceca SE NR to 1.45 log10 cfu. Overall, NP reduced SE NR numbers in a dose-dependent manner. There was no significant reduction of SE NR prevalence in L/GB or ovary after supplementing with either nitrocompound (Table 3) . In L/GB, 50% of cases were positive in T2 (SE NR challenged control) and T6, whereas 66% of cases were positive in T4, and 33% in both T3 and T5 (Table 3 ). The recovery of SE NR in the ovary by 7 dpi was 0 except for T3 which had 16.7% positive cases.
We have compared our results with previous studies which used some of the short chain nitrocompounds either in vitro or in vivo like in pig (Horrocks et al., 2005; Horrocks et al., 2007) . Among the widely used alternatives, nitrocompounds were initially tested against the uric acid utilizing microorganisms . In that study, authors used the nitrocompounds such as nitroethane, nitroethanol, nitropropanol, and nitropropionic acid that had potential to reduce the ammonia volatilization in poultry manure by inhibiting growth of uricase-producing microorganism ). In the current study, the cecal SE NR numbers by supplementing 200 ppm of NE was not different from our SE NR challenged control. The reduction of SE NR numbers in most of our treatment groups demonstrates that both nitrocompounds have an effect against cecal colonization of Salmonella. In another study using broilers, NP supplemented by oral gavage was effective in significantly reducing cecal Salmonella when tested against novobiocin resistant Salmonella Typhimurium (Jung et al., 2004) . In that study, 130 ppm of NP reduced the Salmonella numbers in the ceca from 6.09 to 3.47 log 10 cfu (challenged control vs. 130 ppm NP).
In an in vitro study, 2-nitropropanol, 2-nitroethanol, nitroethane, and 2-nitro-methyl-propionate (0, 10, and 20 mM) on growth of Campylobacter jejuni were tested, and the superior inhibitory effect of 2-nitropropanol was observed among all the nitrocompounds (Horrocks et al., 2007) . In agreement of the previous study, our study showed that NP was more effective in reducing cecal SE NR numbers than NE. The activity of the nitrocompounds, especially at the higher concentrations, appears to be bactericidal (Horrocks et al., 2007) . The highest level of NP (200 ppm) in the current study showed the better reduction in the cecal SE NR . Although it is believed that one of inhibitory mechanisms of nitrocompounds is bactericidal, it is necessary to elucidate molecular mechanisms by which nitrocompounds inhibit SE colonization in laying hens.
Ileum Immune Gene Expression
There was a significant upregulation (P < 0.05) of all immune cytokines tested, IFN-γ, IL-1B, IL-6, TLR-4, and IL-10, by SE NR challenge in our study (Figure 2 ). IFN-γ was significantly upregulated (P < 0.05) by SE NR challenge (T2) and thus reduced by supplementing both of the NE or NP compounds tested (Figure 2A ). The expression of IFN-γ in T3, T4, T5, and T6 were significantly lower than T2 (P < 0.05). IFN-γ is a pro-inflammatory cytokine produced by activated T-cells and has a role in host defense for combating against the intracellular pathogens including Salmonella (Bao et al., 2000) . It has been reported that the upregulation of IFN-γ mRNA up to 200-fold was observed in cecal tonsils after challenge with Salmonella (Withanage et al., 2005) . Expression of pro-inflammatory cytokines like IFN-γ due to Salmonella challenge in our study is similar to a study where chickens were infected by Eimeria (Hong et al., 2006) . In that study, chickens were also sampled at 7 dpi, showing an upregulation of IFN-γ in cecal tonsils (Hong et al., 2006) . Our results of reduction in IFN-γ by supplementation of different levels of nitrocompounds can be compared to a previous study where the gene expression of IFN-γ was repressed due to probiotics fed to the chickens (Haghighi et al., 2008) . The immune-modulation effect of dietary treatments has been observed in other studies where the inflammatory genes such as IFN-γ were down-regulated by probiotics, suggesting there is reduction of inflammation (Vieira et al., 2013) . It has been previously demonstrated that probiotic bacteria exert anti-inflammatory effects by reducing IFN-γ production by immune system cells and that this reduction may be important for protection against Salmonella enterica serovar Typhimurium (Silva et al., 2004) . Benefits of nitrocompounds might include the bactericidal activity reducing Salmonella infection and immune-modulation effects to pro-inflammatory cytokines such as IFN-γ. The lower IFN-γ expression in our study suggests that nitrocompounds downregulated the inflammation in the hens. Inflammation slows down the tissue expansion by promoting release of energy from adipocytes in mobilization of energy reserve (Wang and Ye, 2015) . In other words, inflammation enhances energy expenditure. Due to the reduced inflammation rate, there is a savings of energy usage for growth and maintenance (Wang and Ye, 2015) . The expression of IL-1B mRNA was significantly upregulated (P < 0.05) by either only SE NR challenge or SE NR challenge and NE (T2, T3, and T4). There was a significant downregulation (P < 0.05) of IL-1B mRNA expression in both T5 and T6 ( Figure 2B ). IL-1 B is a pro-inflammatory cytokine and has shown protective effects in several bacterial, viral, or fungal infections (Sahoo et al., 2011) . Pro-inflammatory cytokines are responsible for the recruitment of immune cells to the site of infection. The elevation in such cytokines provides evidence on the improved and effective immune response (Ferro et al., 2004) . The upregulation of IL-1B cytokine after Salmonella infection in our study was similar to the previous study that used Salmonella LPS to challenge broilers (Shang et al., 2015) . There is a correlation between IL-1B level and amount of intestinal inflammation (Reinecker et al., 1991) . The protective action of nitrocompounds, particularly NP, is demonstrated by the reduction level of IL-1B and was similar to some of the previous studies that used dietary alternatives like probiotics and prebiotics (Babu et al., 2012) .
There was a significant upregulation (P < 0.05) of IL-6 mRNA gene expression in the ileum after SE NR challenge ( Figure 2C ). The effects of T3, T4, and T5 were similar to SE NR challenged control (T2). T6 showed significant reduction (P < 0.05) compared to SE NR challenged control (T2). The lower expression of IL-6 suggests that supplementation with NP has a potential to lower pro-inflammatory cytokines and suppressing the inflammation (Yitbarek et al., 2013) . This also indicates that NP interacts with the host either by changing the gut microbiome or direct contact with Salmonella, thereby reducing Salmonella colonization. IL-6 serves both a pro-and anti-inflammatory cytokine which can secret acute phase proteins and at the same time inhibits the production of IL-1 (Waititu et al., 2014) . IL-6 upregulation in chickens has been associated with Salmonella and Eimeria infection (Kaiser et al., 2000; Wigley and Kaiser, 2003) . Supplementation of probiotics, direct fed microbials or bacteriophage has reduced the IL-6 expression when they were added in the diets of Salmonella challenged chicken (Chichlowski et al., 2007; Shang et al., 2015) . However, a study reported that there was no change observed in IL-6 mRNA expression in the cecal tonsil when supplementing with fructooligosaccharides as a method to control Salmonella (Janardhana et al., 2009) .
TLR-4 mRNA expression was significantly higher (P < 0.05) with SE NR challenge, whereas T5 (100 ppm NP) significantly reduced TLR-4 compared to T2 ( Figure 2D ). Toll-like receptors recognize microbialassociated molecular patterns and stimulate immune system by a chain of reactions (Aderem and Ulevitch, 2000) . In chickens, TLR-4 has been linked to resistance to Salmonella infection (Leveque et al., 2003) . In one study, Salmonella LPS challenge elevated expression of TLR-4 which agrees with our results (Shang et al., 2015) .
IL-10 mRNA was significantly upregulated (P < 0.05) in T2 (challenge control) compared to our remaining treatments. However, the expression of IL-10 in T3, T4, T5, and T6 were not different from T1 (SE NR unchallenged control) ( Figure 2E ). Interleukin-10 is the anti-inflammatory cytokine produced by activated macrophages and T cell. Salmonella or its lipopolysaccharide stimulates IL-10 gene expression in chickens (Ghebremicael et al., 2008; Shanmugasundaram et al., 2015) . Chen et al. (2012) reported an elevation of IL-10 in Lactobacillus based probiotics supplemented chickens. Bai et al. (2014) also showed that at 7 dpi, IL-10 expression was higher than that at 2 dpi and was similar to our results where we observed higher expression compared to our SE NR challenged control. Elevated expression of IL-10 can be compared to the reduced inflammation which was also shown in a study that used lactic acid bacteria to reduce Salmonella in chickens (Chen et al., 2012) .
In the present study, we identified that nitrocompounds are potential agents which can reduce SE colonization in laying hens. However, these compounds are not registered feed additives or one in the list of GRAS (Generally Recognized as Safe). Because some of nitrocompounds have skin irritation, gloves are essential for handling those compounds. Thus, it is necessary to conduct further studies to confirm the safety of these compounds as feed additives for commercial poultry industry settings.
CONCLUSION
Both NE and NP are capable of inhibiting the growth of SE NR particularly in the ceca. Both nitrocompounds significantly reduced SE NR colonization in the ceca. NP reduced inflammatory cytokines, and this can benefit energy utilization without waste. Overall, NP or NE can be an effective treatment in reducing the food-borne pathogens like Salmonella. More studies are necessary to find out the detailed mechanism of action and more efficient and practical application strategies with nitrocompounds to control pathogens in poultry.
